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ABSTRACT
Cycloalkanes are one type of hydrocarbons present in real jet fuels. The distinct
cyclic structure of the cyclo-alkanes impacts the chemical kinetic behavior differently
compared to n- and iso-alkanes. At high temperatures, thermal decomposition reactions
dominate, producing n-alkyl radicals similar to the oxidation reactions of n-alkanes thus
promoting the reactivity. Whereas in low temperatures, the presence of the ring structure
essentially suppresses the formation of alkylhydroperoxy radicals (QOOH) from
alkylperoxy radicals (RO2), thus exhibiting similar reactivity to iso-alkanes. In previous
generations of surrogate fuels, the cyclo-alkane functional group were largely ignored due
to low levels of cycloalkanes in traditional jet fuels and their ability to successfully model
its characteristics. Cyclo-alkanes have come into renewed interests with their larger
presence in alternative jet fuels and the potential of better endothermic performance in
high-performance jet fuels (JP-10). Increasing the fraction of cyclo-alkanes in real fuels
could create issues in surrogate fuels correctly predicting the chemical functionalities of
real fuels with an ever increase fraction of cyclo-alkanes being present. The ignition
characteristics of cyclo-alkanes and their mixtures with other molecular classes are
investigated by measuring DCN values from an Ignition Quality Tester (IQT). To quantify
the role(s) of cyclo-alkane functionality, chemical functional group approach is used by
separately defining the CH2 groups in cylco- and n-alkanes and a quantitative structureproperty relationship (QSPR) regression model is constructed based on chemical functional
group descriptor against the DCN measurement database. A feature sensitivity analyses are
iv

performed to identify relative significance of cyclo-CH2 functional group in autoignition
propensity of multi-component fuels by varying the cyclo-alkane fractions
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CHAPTER 1
USAGE OF HYDROCARBON COMBUSTION FOR ENERGY AND
TRANSPORTATION
For the past century society has been using fossil fuels to generate energy and
advanced civilization.

Petroleum fuels have become ingrained into our societies’

existence, incorporated into our daily lives by providing the electricity and transportation
that keeps the economy running. The use of hydrocarbons over the past 100 years has
completely changed the shape of modern society by giving us access to cheap reliable
energy.
In the past century, many societies have begun to improve or build up their
economy by using hydrocarbons for energy. This can easily be seen in worldwide daily
oil production in Figure 1.1, from 54,389 barrels in Jan of 1973 to 84,225 in Nov of 2018
[1]. The energy consumption shown in Figure 1.2 proves there is still a massive appetite
for energy. The U.S. Energy Information Administration (EIA) is forecasting an increase
in energy demand by 28% from 2015 to 2040. This energy demand is being driving by the
growing emerging economies in Asia, excluding China and India, which is forecasted to
accounts for 60% of the increase in energy consumption until 2040 [2].
With this growth in energy, there will be a corresponding growth in greenhouse gas
emission, which is bringing about a new increased demand for a non-emitting energy
sources to help stem the effects of climate change. Renewable energy is being presented
1

as the successor to fossil fuels which can be seen due to its forecasted growth by 2.3% per
year until 2040. The growth in renewable energy is not projected to overtake fossil fuels
until 2050 as reported in the Det Norske Veritas Energy Outlook 2018. The EIA predicts
that the liquid share of the world energy market will fall slightly from 33% in 2015 to 31%
in 2040 [3]. Fouquet has examined the changes in the energy market from 1500 to modern
day [4]. This data from the EIA, Fouquet’s analysis, and Figure 1.3 shows the worldwide
energy sector is going through a transition process away from fossil fuels to renewables,
similar to how the market switched from wood to coal and coal to fossil fuels from the past
couple centuries. This process has been shown to take decades to centuries depending on
how quickly new infrastructure and technologies are developed to utilize the new energy
source. Transitioning to different energy sources is a complex and complicated process
and not just a single event in time [4]. Even with the modern’s world efficiency and
technology this transition will be decades long at least. For the immediate future to some
point in time hydrocarbons will still be used for energy worldwide only losing their
dominance half way through the 21st century.
Figure 1.4 shows the EIA statics from 2017 that 66% of the 97.7 quadrillion BTUs
produced in the United States came from nonrenewable hydrocarbon. From Figure 1.5 in
2017, the US transportation market accounted for 29% of total energy used, with petroleum
products accounting for 97% of the transportation usage. While in the same scope,
biofuels, ethanol, biodiesel, etc., contributed about 5%, and natural gas contributed nearly
3% of total energy usage. Electricity provided less than 1% of total transportation sector
energy use and nearly all of that in mass transit systems. Even with today’s increase push
to create more efficient engines in the transportation section and the fact that there is a

2

growth in consumers desire to convert to electric cars the EIA is still predicting a modest
1% increase in demand for gasoline for the next few years, all while having a reduction in
energy related CO2 emission by 1.6% in 2019 and by 0.5% in 2020 [5].
Fossil fuels are still prevalent and will continue to be dominate until the world
energy transitions completely into renewables. This does cause a problem when you look
at the world, not just the various economies and producers with in it, but the Earth as an
entire ecosystem. Greenhouse gases have been known to exist since the late 19th century
when scientist discovered that H2O, CO2, and other molecules absorbed infrared radiation
and then concluded later that these gases made the earth’s temperature greater than if theses
greenhouse gases have not been present. Greenhouse gases have been present throughout
human evolution and are a key part in keeping the earth warm enough to sustain life, but
the worlds desire for cheap reliable energy has caused the man made production of CO 2 to
grow exponentially as seen in Figure 1.6 [6]. This is not sustainable from an economic and
more importantly an environmental stand point.
Fossil fuels have taken the societies of this planet and enabled them to dramatically
increase the standard of living, access healthcare, knowledge, etc. over the past one
hundred years.

This access to cheap and efficient energy source, compared to

manual/animal labor that was dominate for thousands of years, will most likely continue
to propel industrialized societies and elevate developing nations for most of this century.
This is counter to worldwide efforts to reduce carbon dioxide emission to combat the
changing environment. Renewable energy is a rapid growing and sought-after solution to
both the world’s energy needs and the eradication of human cause CO 2 emissions. Yet this
is a new technology that has yet to be fully implemented, and that implementation will be
3

able to happen overnight. With current technology and the massive scale of global energy
demand using fossil fuel it the only viable short-term solution to meet the global energy
demand. A balance needs to be stuck between demand and availability of energy for the
next 50 to 100 years and fossil fuels will be able to provide that balance while continue to
become more efficient and reduce carbon dioxide emissions.

4
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Figure 1.1 Word Crude Oil Production from 1970 through 2018
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Figure 1.2 Word energy consumption breakdown and forecasted from 1990 through 2040, this Figure shows an increase in
energy consumption by each type of production other than from coal which will decline or hold steady after 2020.

Figure 1.3 Shows the production source of US energy consumption from 1776 through
2017. This graph helps to illustrate energy transitions from different sources showing
the transition off a primary energy generator is a slow downward transition.
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Figure 1.4 Shows the production source of US energy consumption from 1776 2017. This graph helps to
illustrate energy transitions from different sources showing the transition is a slow downward transition.

Figure 1.5 US transportation energy sources for 2018 showing
hydrocarbons are the undisputed dominate energy source to move people
and goods in the US.
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Figure 1.6 CO2 Global emissions from fossil fuels from 1750 to 2015 for total and by type of contributor.

CHAPTER 2
THE NEED TO INVESTIGATE BIOFUELS AND LOW TEMPERATURE
COMBUSTION
There are many studies on the effect of CO2 and other greenhouse impact on the
environment and climate, but this is not within the scope of this research. Greenhouse
gases are still an import topic to discuss when talking about the future use of hydrocarbons.
There are a variety of approaches that are being considered to reduce the effects of
greenhouse gases, from carbon sequestration to solar/wind energy generation to renewable
bio fuels. All these technologies have potential to provide energy while also reducing
emissions, but until these technologies are developed and in widespread use, hydrocarbons
are still going to be continued to be used in transportation and energy around the world.
Figure 2.1 illustrates each countries percentage of worldwide emission [7]. Most counties
are attempting to cut CO2 emissions as shown in Figure 2.2 but there are still others who
are increasing their emission to help build their economy. Emerging economies are poised
to significantly increase CO2 emissions over the next 50 years as their economies continue
to modernize. India, the third leading greenhouse gas producer [7], is on track to double
their CO2 emissions by 2040 and surpass the Unites States[8].

This shows if only

developed nations reduce their greenhouse gas footprint it is will not be enough to keep
carbon dioxide levels below the 2-degree Celsius consensus to prevent climate change.
Other approaches need to be considered to meet both environmental and energy concerns.
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One approach is being developed to reduce CO 2 emissions in the interim of the
world’s transition to renewable energy is the a liquid alternative eco fuel, i.e. ethanol in
gasoline, and another is using low temperature combustion techniques to improve overall
efficiency.

With the changing landscape of the types of fuels and the nontraditional

operating range of these fuels there needs to be a clear understanding of how and if the
fuels will perform, especially in the aviation industry were certifying a fuel is a long,
intensive, and expensive process.
Biofuels could to be a solution to these challenges, since they have the possibility
to have net zero carbon emission after an initial carbon payback time, that range can be as
short as 15 years for ethanol to as long as 200 depending on direct and indirect land use
changes [9]. While these fuels are still hydrocarbon and still produce CO 2 when they are
burned, they are produced from plants or agile that take the carbon out of the atmosphere
while maturing.

This process does not “add” any more greenhouse gases into the

environment, it recycles them, hence the net zero emissions. Having a fuel source that
produces no new carbon emission will be important when societies are trying to meet
emission reduction goals for the next 100 years.
Using biofuels in today’s generators and transportation engines will cause different
issues when incorporating them into current engine technology. This fuel is somewhat
different than the petroleum distilled fossil fuels that are pulled from the ground, the variety
and prevalence of certain molecular structure in biofuels is different. Penn State has
identified differences using biofuels in current legacy engines as; lower power and torque,
lower fuel efficiency, less engine wear, more deposits and clogging, and less pollution due
to lower aromatic compounds and sulfur content [10].
12

Though they are different,

hydrocarbons still react in similar ways regarding the combustion process. The effect this
will have on new and legacy engines will need to be understood before it is widely adopted
into the transportation industry, especially applying it to the aviation sector.
Low temperature combustion (LTC) is also an area where progress is being made
in engine efficiency and reduction of emissions [11]. Low temperature combustion has
received renewed interest recently with its ability to improve the overall efficiency of the
combustion engine. This increase in efficiency is within the Otto cycle itself not in a new
type of combustion process. LTC opens the door to using a variety of engine types and
techniques (i.e. Homogeneous Charge Compression, Premixed Charge Compression
Ignition, Exhaust Gas Recirculation, etc.). These techniques have the potential to increase
efficiency and reduce greenhouse gases and particulate emissions. Low temperature
combustion is not as easily ignitable as higher temperature combustion is, thus it allows
engines to increase the compression ratio and improve performance. Knocking is a concern
with engine operation and LTC is more resistant to knocking. This higher compression
ratio enables spark ignition engine to performed better and have higher maximum thermal
efficiency [12].
Low temperature combustion is also of interest to aviation industry. As airplanes
start to fly faster and go higher they are going to be exposes to extreme conditions in the
atmosphere, where under certain conditions (speeds, temperatures, density, etc.) engines
parameters will exceed their operational conditions and will either drastically loose thrust
and efficiency or will not operator at all. These are called near limit conditions and they
dictate the operation envelope of an aircraft. Lean blow out is one of these conditions were
the interactions of low temperature combustion and spray dynamics could play a huge role
13

and a better understanding of the phenomena will advance aircraft engine capabilities.
Lean blow out is where the flow speed is so high the flame cannot be stabilized, it
propagates downstream, and is extinguished. Low temperature combustion is believed to
play a role in this phenomenon and with changing types of fuels and the continued push
for increasing performance a better understanding of how any fuel performs at limiting
conditions is sought after [11].
Bio fuels and low temperature combustion are two areas that can reduce greenhouse
gas emissions and improve performance of modern engines. As the world transitions into
renewable energy, the transportation industry will need to evolve and react to changes in
fuel, economics, and emissions. These changes will create a need to better understand how
different fuels will perform and the quicker this information is derived the better.
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Figure 2.1 2014 Global CO2 emission form Fossil Fuels by country.
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Figure 2.2 Ten Countries with the Largest Reduction and Increases in CO2 emissions, (millions of Tones)
2017.

CHAPTER 3
SURROGATE FUEL FORMULATION AND MODELING
The rise of computers in the past 50 years impacted many aspects of the economy,
society, and research. Computers have allowed researchers to take a significant amount of
data, process, and analyze it quicker and more efficient than was possible using a human
being. Even with this substantial advancement, the combustion process is a very complex
phenomena where chemical reactions take place and a significant amount of heat energy is
released where not everything taking place is fully understood. This is a place where
computers and modeling can provide a more clarity. When you look at combustion in a
macro scale; wood, heat, light, fire, etc., it seems like a simple process with only a few
parts, but at the microscale the process is extremely complicated and has many concurrent
reactions taking place. In liquid fuel there are literally hundreds to thousands of reactions
forming and breaking apart within fractions of a second, each with reactions contributing
its own radicals and heat to the combustion process. This a complex process and requires
a large amount of processing power when modeling and predicting all of what is happening
during the ignition process. The rise of new engine technologies such as HCCI, databases
and studies need to be conducted on how different fuels types, mixtures, additives, etc. will
impact the efficiency and reliability of these new technologies [11].
Petroleum-derived jet fuels contain hundreds of individual hydrocarbon molecules,
exhibiting significant high-order complexity due to not only the number of molecules
17

involved but also the variation in the types of molecules (n-alkanes, iso-alkanes, cycloalkanes, alkenes, and aromatics) [11, 13-27]. This significant number of variables has
inhibited a simple and easy approach to predict how varying types of fuel, new fuels, bio
fuels, performance fuels etc. will perform. Significant efforts across many research teams
and difference types of solutions have gone in to developing an approach that will
accurately model a wide range of fuels.
One of these approaches is to use a surrogate fuel that reduces the complexity of
the varying molecular species into a significantly lower number of molecular species,
called a surrogate mixture. A surrogate mixture can be defined either by matching the
distribution of molecular classes or by matching the key fuel properties through the
combustion property reference indicators [11, 13, 14, 16, 19, 20, 23, 24].

In modeling

multi-component properties of real fuels, a simplified approach is necessary and currently
being developed to incorporate the fuel properties in a model and have it predicted an
accurate surrogate.
One of these fuel properties is ignition delay time (IDT), or the time between
injection and start of the combustion process, which is a key physicochemical property in
combustion that is variable across differing conditions. The interest in ignition comes from
a link between the kinetic characteristics of the pre-flame process and the nature of the
flame form during the ignition process [28]. The time of ignition delay is directly
proportional to density, viscosity, and surface tension values of the fuel, which determine
the quality of fuel atomization, and is inversely proportional to the cetane number, H:C
ratio in the fuel, lowest specific combustion heat, pour point, and degree of tribalization of
the fuel mixture in the combustion chamber [28]. This shows that ignition delay or its
18

derivative DCN is an important parameter when attempting to model fuel. There is no
standard autoignition indicator for gas turbine as there is in IC engines applications, but it
has been found that derived cetane number (DCN) can act as a relative reactivity indicator
or their fuels.
Another approach is in chemical kinetic modeling.

This approach provides

researchers with a very detailed pathway of a single molecular type and how it’s radicals
are generated, with what concentrations, and the impact these radicals have on the ignition
process. This a very complex and detailed method and it is known that in most combustion
processes there are a few important governing mechanisms that drive the reaction.
Chemical kinetic modeling only looks at a couple to hundreds of the reactions taking place
and they ignore the other thousands or so reactions that are concurrently reacting within
the radical pool. This approach can be useful especially when investigating the reaction
pathways of induvial molecules. Looking at the fuel as a whole and how it will operate in
different application chemical kinetic modeling can be expensive and time consuming as
each new application needs to be modeled.
Extensive studies [11, 13-27] have demonstrated the applicability of the surrogate
mixture approach. Previous studies [11, 13, 14, 16, 19, 20, 23, 24] have shown that the
surrogate mixtures can be successfully formulated by matching four combustion property
targets (CPTs); hydrogen to carbon molar ratio (H/C ratio), DCN, average molecular
weight (MW), and threshold sooting index (TSI). In the surrogate formulation for the
previous investigation, surrogate components were chosen to represent the typical
molecular classes (n-alkane, iso-alkane, and alkylated aromatics) and excluding others that
were thought to not be as important, such as cycloalkanes. This was done by matching the
19

surrogate composition with the desired CPTs of the real fuel. The accuracy of surrogate
mixture has been expansively evaluated through wide-ranging experiments, including
homogenous ignition delays in both high and low temperature conditions, laminar flame
speed, extinction limits of both premixed and non-premixed flames, and speciation profiles
from both single pulse shock tube and flow reactors. The applicability of the surrogate
approach has been also verified with alternative jet fuel [13].
Essential aspects for the experimentally observed success in surrogate approach
have been recently explained by employing the concept of chemical functional groups. The
chemical functional group approach can be regarded as a low-dimensional descriptor, that
can define the fuel reaction kinetic characteristics as they apply to combustion behaviors.
A "chemical functional group" is the concept of regarding a molecule as group of atoms
(molecular fragments) that yield distinctively different chemical (kinetic) behaviors [24].
Chemical functional group descriptions of complex multi-component mixtures permit the
construction of quantitative structure-property relationship (QSPR) regression models,
relating the functional group composition to combustion behaviors [24, 29]. Recently, a
QSPR regression model has been proposed for Derived Cetane Number (DCN) [24] with
chemical functional group descriptors that are utilized to investigate how the CPT-based
surrogate approach can constrain the chemical kinetic characteristics in multi-component
surrogate formulation. The chemical functional group descriptor used in the previous
analysis are CH2, (CH2)n, CH3, CH, C, and benzyl-type functional group, representing the
n-alkyl, iso-alkyl, and aromatic functionalities which make up most of a fuels’ molecular
structure.

20

Considering that cycloalkane are one of major molecular classes (up to 30% in
liquid volume and greater in alternative fuel) in petroleum-derived jet fuels, it is important
that the global combustion behaviors of petroleum-derived jet fuel can be well understood
and predicted with a surrogate mixture including cycloalkanes. Previous studies has
attempted to explain the role of cycloalkane functionality [19] and suggested that the
influence of cycloalkane functionality can be only found during low- to high-temperature
transition regime in flow reactor experiments [11].
These same studies proposed global combustion behaviors (ignition delays and
flame extinction) are not affected by the inclusion or exclusion of cyclo-alkane in surrogate
mixture with current levels of cycloalkanes present in fuels. However, with the recent
focus on high performance fuels, there is a desire to increase the cycloalkane fraction to
capitalize on its unique characteristics such as the better endothermic and/or cooling
performance [11]. It is importance to expand the current surrogate approach and chemical
functional group descriptors to evaluate and confirm the role of cycloalkanes within the
global combustion behaviors of both petroleum-derived and alternative jet fuels.
Unfortunately, the role of cycloalkanes in multi-component fuel mixtures has not been well
understood or thoroughly investigated. There is a lack of experimental database (e.g.
DCN) to be used for QSPR regression analysis that has sufficient cycloalkane experimental
results, such as only a handful of cyclic cycloalkanes in the NREL Compendium of
Experimental Cetane Numbers database.
In this regard, the objectives of the present study are 1) to establish comprehensive
DCN measurement database of cyclo-alkanes and their mixtures with other molecular
classes and 2) to perform the QSPR regression analysis to evaluate the role of cyclo-alkane
21

functionality for fuel ignition propensity measured as DCN. To do this, the chemical
functional group descriptor is extended by adding (CH2)cyclo to reflect the cycloalkyl
functionality to the previous surrogate fuel formulation approach.

22

CHAPTER 4
EXPERIMENTAL METHODOLOGY AND THE IQT
The cyclo-alkane mixtures were tested using the Ignition Quality Tester (IQT) from
Advanced Engine Technology. The IQT is an alternative measurement of cetane number,
called the derived cetane number (DCN) in accordance with ASTM 6890 methods [30].
The IQT measures the ignition delay, or the time between fuel injection to rapid pressure
rise in the chamber, to determine the DCN. The IQT can be seen in Figure 4.1, and it can
test a wide range of diesel fuels and provide the DCN by monitoring the pressure timehistory after spray injection into a heated and pressurized constant-volume combustion
chamber. In Figure 4.2 is a graphical representation of how the IQT determines ignition
delay time taken from raw data measured on the IQT. The time at the initial needle left is
the start of the ignition delay time. Where the pressure recovers from adiabatic cooling
and starts to increase again is determined to be the end of the ignition delay time. The
ignition delay time are measured and are later converted to DCN. The IQT for this
experiment evaluates the DCN value of fuel samples through averaging 32 measurements
after performing 8 pre-injections. The pre-injections are used to ensure all temperature and
pressures with the system were within allowed tolerance with the standards to help ensure
accurate results. This number of pre-injections in this study is less than what the ASTM
6890 of 12, this was done due to some of the pure cycloalkane were extremely expense and
only available in limited quantity. Each set of injections were monitored to ensure the IQT
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had stabilized and was within acceptable temperature and pressure ranges before
the 32 test injections were recorded and used in the analysis since the number of preinjections had been reduced. The IQT bases the DCN off the ignition delay time. The
ignition delay time within the scope of the ASTM test method is from 3.1-6.5 ms (64 to 33
DCN, which heptane is used to calibrate). The IQT is also certified to determine DCN
outside of the test method using another equation and calibration fuel, methylcyclohexane.
Even though these equations are used for differing ranges of ignition delay, they are both
calibrated with either n-heptane or methylcyclohexane in their respective ranges.
The chamber temperature was set to 576.4 degrees Celsius to calibrate the IQT to
be with in the acceptable range for n-heptane’s DCN of 53.8, by averaging ignition delay
across three different runs to within +/- .01 3.78 ms. The IQT used an ultra-high purity
mixture of 79% nitrogen and 21% oxygen from Praxair with 99.993% purity. Most of the
cycloalkanes and n-alkanes were produced from Sigma-Aldrich with a purity rating over
99.9%. The decalin used in this work is a mixture between cis- and trans-. Cycloheptane
and cyclopentane had a purity rating of 98%.
The IQT was then used to test mixtures of cycloalkanes and their mixtures with nheptane and/or iso-octane to investigate the potential interactions. Mass fractions of 0.2,
0.4, 0.6, .08, and 1.0 of cyclo-alkane were used to accomplish this. The mass fractions
were determined to the 4th decimal place of a gram and the volumes tested ranged from 60
mL to 80 mL. Once these mixtures had been created, they were run in the IQT. After the
pre-injections, the mixtures were run for another 32 injections that were recorded and used
to determine the DCN of the mixtures. Both the pre-injections and injections are one single
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run. Each experiment for the differing types of cycloalkane mixtures were conducted in
three separated runs.
Each single cycloalkane and n-alkane mixtures were conducted on the same test
day. These test days started off with two runs of n-heptane and/or a diesel check fuel to
ensure the IQT was still within calibration. The same diesel check fuel was run in the
middle of multiple runs to ensure calibration was constant and to lubricate the machine.
Another n-heptane and/or diesel check fuel was run after the experiment to again ensure
the IQT was within acceptable calibration range. Each run had its ignition delay, DCN,
and standard deviation for each recorded. This studies QSPR database is based off the
DCN of the mixtures measured in the IQT and the functional group interaction in these
mixtures.

25

Figure 4.1 Schematic of Ignition Quality Tester used
to determine DCN in Multi-Component Mixtures
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Figure 4.2 IQT raw data of Chamber pressure and Needle Lift pressure of a calibrated n-heptane mixture
to show the practical method of measuring ignition delay time. Data was taken from Injection 1995 with
DCN of 53.79 and IDT of 3.783

CHAPTER 5
CYCLOALKANES IN MULTI-COMPONENT MIXTURES
In this work 6 different neat cyclo-alkanes and mixtures of cyclo-alkanes with nheptane were studied. The result of the neat cyclo-alkanes DCNs are located in Table 5.1
and the results of cycloalkane/n-heptane mixtures are in the following Figure 5.1. These
results were incorporated into a quantitative structure property relationship (QSPR)
regression to create surrogate mixtures that hitherto did not take into account the (CH 2)cyclo
group. Different types of cycloalkanes were measured in this study; bicyclic (decalin),
cyclic (cyclopentane through cyclooctane), and branch cyclic (methylcyclohexane, nButylcyclohexane). The cycloalkanes’ DCN were measured mixed with n-heptane and as
a pure sample. One of the cycloalkane mixtures, n-Butylcyclohexane, was also mixed with
iso-octane instead of n-heptane and added into the QSPR to attempt to identify the
interactions of cycloalkanes and a branched alkane.
The decalin used was a mix of cis- and trans- and was not incorporated into the
QSPR since the fraction of each type was unable to be determined and was included in the
present work for posterity sake. Cis-decalin has a DCN of 40.5 and trans-decalin with a
DCN of 31.9 [31]. This study found a mix of decalin to have a DCN of 36.7 between the
two others. This 11 DCN range supports that different conformations of a molecule with
the same functional groups will have an impact on the DCN of the fuel and the fraction of
each in the fuel will determine where within this range the mixture’s DCN will be.
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Table 5.1 summarizes the DCN of the neat cycloalkanes. The note section includes
published measurements collected into NREL Compendium of Experimental Cetane
Numbers [31]. The results found in this present work are similar to other published values
found in the NREL database thus confirming the fidelity of the current measurements. The
one exception to this being cyclopentane. This is because the IQT is a device used to inject
liquid fuel in the combustion chamber coupled with the nozzle temperature being above
the boiling point of cyclopentane causing it to be partial atomized when injecting. This
would skew the results between the two experiments since nozzle temperate range is unique
to each device and not a standardized parameter in the ASTM.
Figure 5.1 shows the measured DCN values of the mixtures in a function of nheptane mole fraction. This was done to better understand the interaction of the
cycloalkanes chemical functional group described here as (CH 2)cyclo and n-alkane function
group described here as (CH2)n. To evaluate these interaction, mixtures of cyclohexane,
cyclooctane, methylcyclohexane, decalin, and n-butylcyclohexane with n-heptane were
taken using the IQT. An additional mixture of methylcyclohexane and iso-octane (2,2,4trimethylpentane) were taken to identify the interactions between branched (CH 2)cyclo and
CH3 groups. Since the DCN values of all cycloalkanes are lower than that of n-heptane
(53.8 by definition), the measured DCN values of the mixtures exhibit a fairly monotonic
increase of DCN values as n-heptane increases in the mixture. This behavior is also shown
in the mixture of methylcyclohexane and iso-octane, not included on in Figure 5.1. The
DCN value of n-butylcyclohexane is the highest among the cyclo-alkanes measured at 47.0
DCN. Which is significantly closer to n-heptane’s DCN, indicating that the ignition
propensity is considerably increased due to the increasing presents of the n-alkyl chain,
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which can be represented by (CH2)n group [24]. Whereas, the DCN value of
methylcyclohexane is similar to those of cyclohexane and cyclooctane, indicating the
relative insignificant role of methyl (CH3) group on ignition propensity compared with the
(CH2)n and the impact of the ring structure on ignition delay time. In case of cycloalkanes,
the cyclic structure is known to suppress the formation of QOOH and subsequent radical
generation in low temperature combustion, thus inhibiting low-temperature chain
branching reactions. Furthermore, the higher activation energy for cyclic structure
decomposition (ring opening) reactions also suppresses the ignition process.
Previously, the role(s) of chemical functional groups have been investigated by
constructing a quantitative structure-property relationship (QSPR) regression analysis.
The purpose of the QSPR is to determine the interactions between specific differing
chemical functional groups. This regression analysis is not meant to be comprehensive
analysis, but to evaluate the roles of each of the key chemical functional groups in
determining DCN [24]. The chemical functional groups used were CH 2, (CH2)n, CH3, CH,
C and benzyl-type groups, and the regression analysis pointed out the significance of
(CH2)n groups in DCN characteristics. Here, to account for the distinct behavior of cyclic
CH2 group, we assign it as (CH2)cyclo separately. Using the results above, the QSPR
regression analysis is performed to clearly identify the role(s) of (CH2)cyclo groups on DCN
characteristics. The Scheffe equation is used because a simple linear interoperation for
blending of neat components is known to not accurately represent the DCN of two or more
blended mixtures. In previous work, a Scheffe simplex polynomial was found to accurately
predict the DCN of a surrogate mixture within the uncertainty of 1.8 (3 sigma) and a
maximum error in predicted DCN of 3.2 [24]. The equation below is a continuation of that
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work by including cycloalkanes and is used as a transfer function for QSPR regression
analysis with Table 5.2 summarizing the regression coefficients to predict the DCN.
𝐷𝐶𝑁

= ∑

𝑏𝑥 + ∑

∑

𝑏 𝑥𝑥

(1)

Figure 5.2 shows the entire QSPR database with the experimentally measured DCN
on the x-axis and the predicted DSN on the y-axis. This graph shows the QSPR’s ability
to predict a variety of fuels based off solely the fuels chemical functional group. The graph
shows that a vast majority of the DCN are well within 2.5 of the experimental
measurements with only a few being outside of 5 DCN. In Figure 5.3 the normalized
sensitivity coefficient of this QSPR is shown. This helps to illustrate that (CH 2)n has the
greatest impact on the ignition properties of fuels, which is in line with what is known in
the field, confirming our physical understanding, and continues to show the validity of this
regression analysis.
Figure 5.4 compares the normalized sensitivity coefficients of chemical functional
groups of mixtures varying the mole fraction of methylcyclohexane, using the QSPR
regression model constructed for DCN above. When methylcyclohexane is mixed with
multi-component surrogate mixture, the sensitivity analysis indicates that the ignition
propensity measured by DCN is dominated by the (CH2)n functional group. Obviously, the
role(s) of CH2 (isolated CH2 group), CH3, and CH groups are found to be less significant.
Compared to the previous sensitivity analysis without considering (CH 2)cyclo functional
groups [24], the present analysis exhibits strong sensitivity to the (CH 2)n group and this
strong sensitivity moves to the (CH2)cyclo group as the fraction of methylcyclohexane
increase. It is noteworthy to draw attention to that the ignition propensity is always
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dominated by (CH2)n over (CH2)cyclo until the mixture is composed of greater than 0.8
fraction of methylcyclohexane as shown in Figure 5.4. In summary, the results presented
here indicates that one should pay attention on the role(s) of cyclo-alkanes in fuel ignition
characteristics when the cyclo-alkane fraction approaches 0.8 in mole fraction with the
exclusion of the purely cyclic cycloalkanes.
The QSPR regression analysis is able to predict most of the groups represented in
this study, with the exception of the simple cyclic cyclo-alkanes.

In Figure 5.5

cyclopentane-cyclooctane are mixed with n-heptane as previously discussed. Here the
simply cyclic cycloalkanes have a spread in their DCN but the regression is not able to pick
this unique behavior up, it is essentially weighting the amount of the (CH 2)cyclo group the
same with minimal regard to size of the ring, activation energy, or ring strain. But with the
other cycloalkanes, methylcyclohexane, and n-butylcyclohexane, the regression is able to
predict them very well with a mixture of n-heptane and isooctane as seen in Figure 5.6.
Clearly the impact within the methyl and/or n-alkane chain on these ring structures in the
QSPR is well defined within the QSPR based on this data. Yet as seen in figure 5.5 the
regression analysis is unable to predict the uniquely signification factors in the variation of
the cyclo-alkane ring, showing the regression’s inability to predict the purely cyclic
cycloalkanes. In this figure 5.7 it shows difference in measured and predicted DCN of the
cycloalkanes in the QSPR regression analysis. This again confirms that our branched
cycloalkanes are within a DCN of 1.5, which is within the acceptable range of DCN
measurements, and also shows the inconstancy of the QSPR to predict cyclic cycloalkanes.
In Figure 5.8 there is also non-monotonic behavior in comparing both the DCN and
electronegativity of 13C NMR for cycloalkanes. Though this work does not discuss NMR,
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it has been incorporated into the overall work of this research group and it also confirms
the uniqueness of the cyclic cycloalkanes. Looking at the 13C NMR of most molecules, it
will show which individual atoms are the most or least electronegative on that spectrum.
Most molecular groups have a range in this spectrum and there is a correlation to functional
groups, CH2, CH3, etc. and how close to other differing functional groups they are. Each
chemical functional group of the cycloalkanes had the same electronegativity as the others.
These values also peaked at cycloheptane and decreased with cyclooctane. This same
pattern is present through DCN, MON, RON, and

13

C NMR. Thus, there is a strong

correlation with the cycloalkane ring and the governing mechanism in each of these tests.
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Table 5.1 Tabling showing the Derived Cetane Number and Uncertainty of this works Cycloalkane measurements, also
comparison of this work’s results alongside NREL’s database for the same ASTM Standard measurement.
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Fuel
Cyclopentane (C5H10)
Cyclohexane (C6H12)
Cycloheptane (C7H14)
Cyclooctane (C8H16)
Methylcyclohexane (C7H14)
Decalin (C10H18)
n-Butylcyclohexane (C10H20)

DCN
9.9
21.4
31.1
23.8
24.9
36.7
47.6

Uncertainty
+/- 1.81
+/- 2.592
+/- .76
+/- 1.61
+/- .64
+/- .68
+/- .79

Note
Present work, 6.1 in [20]
Present work, 20.0 in [20]
Present work
Present work, 22.3 in [20]
Present work, 24.4 in [20]
Present work
Present work, 48.0 in [20]

DCN

60.0

40.0

cycloheptane
cyclopentane

35

20.0

methylcyclohexane
n-butylcyclohexane
decalin
cyclooctane
cyclohexane

0.0
0.00

0.20

0.40

0.60

0.80

Mole Fraction n-heptane
Figure 5.1. n-Heptane and cycloalkane mixtures by mole fraction of n-heptane.

1.00

Table 5.2 Table showing each coefficient for the QSPR analysis used along with the interaction between chemical functional
groups.
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2.79
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0.00
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0.14

b14

-0.07
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0.00
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Figure 5.2. The entire QSPR database measured DCN plotted against its predicted DCN.
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Figure 5.3. Normalized sensitivity coefficient of each chemical functional group of the QSPR analysis
showing that (CH2)n is still the dominate functional group for reactions.
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Figure 5.4. Normalized sensitivity coefficient of each chemical functional group of a methylcyclohexane
and surrogate 1 mixture showing that (CH2)n is still the dominate functional group before the mixtures
has a fraction of methlycycloalkne greater than 0.8.
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Figure 5.5. Chart for mixtures of n-heptane and cyclic cycloalkane, dots are for experimental values and
lines are predicted values. This figure shows that the QSPR does not pick up on the uniqueness of the
cyclic cycloalkanes and is unable to predict them as separate DCN.

60

50

DCN

40

30

20

41

MCH vs n-heptane
Predicted MCH vs n-heptane
MCH vs Isoocaten
Predicted MCH vs Isooctane
n-butylcyclohexane vs n-heptane
Predicted n-butylcyclohexane vs n-heptane
Predicted MCH vs Isooctane

10

0
0

0.2

0.4

0.6

0.8

1

1.2

Mole Fraction CycloAlkane
Figure 5.6. Chart for mixtures of n-heptane and branched cycloalkane, dots are for experimental values
and lines are predicted values. This figure shows that for the QSPR does precited branched cycloalkanes
very well.
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Figure 5.7. Chart comparing mixtures of n-heptane and cycloalkanes and the difference between
measured and predicted values. This chart shows the relative consistent accuracy in predicting
branched cycloalkanes vs the variance in predicting cyclic cycloalkenone.
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Figure 5.8. Chart comparing the number of CH2 groups to the DCN and 13C NMR electronegativity.

CHAPTER 6
ANALYSIS OF CYCLOALKANE REACTION AND LOW TEMP
COMBUSTION
To better understand the influence of these structures, the role of CH 2 groups in
cyclic structures can be further evaluated by comparing the role(s) of CH 2 groups in nalkanes. Figure 6.1 shows the DCN of cycloalkanes tested in this study along with that of
the n-alkanes. The DCN of the n-alkanes increase similarly with the increasing number of
CH2 groups, this trend continues somewhat linearly from n-pentane to all other found
measured n-alkane values from the NREL database and are confirmed with previous
experiments. Looking at the DCN of the cycloalkanes, there is a non-linear impact on the
DCN from increasing CH2 group. This unique behavior is linked with the low-temperature
chain branching reactions, which governs the reactions of R+O 2 = RO2 and consequential
isomerization reactions to form QOOH. The assumption before the study was that the
cycloalkanes would also exhibit this same linearity but not as significant due to the
(CH2)cyclo structure suppressing the formation of QOOH, thus inhibiting low-temperature
chain branching reactions, but this was found not be the complete picture with the purely
cyclic compounds.
When examining the pure cyclic cycloalkanes’ DNC, it was found that there is nonmonatomic behavior with the highest DCN peaking at cycloheptane (C 7H14), seen in Figure
6.1, and then decreasing with cyclo-octane. No higher cyclo-alkane was investigating due
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to the significant increase in price coupled with a reduction in purity (up to 90%) from
Sigma Aldrich. This would limit the usefulness of the results as it was found that the
(CH2)cyclo can play a limited role depending on what other functional groups they are mix
with it. These results are also not unique to the DCN measurement, looking at both RON
and MON measurements of the cyclo-alkanes in Figure 6.2 take from other studies show
again this non-monoatomic behavior [32]. These perplexing results showed a lack of
understanding of how the pure cyclic (CH2)cyclo group impact DCN without the presence
of other more dominate functional groups, i.e. (CH 2)n.. A reason for this is because of the
cycloalkanes unique conformations and the presents of ring strain
While all molecules have varying intensities of strain (steric, torsional, ring, etc..)
the cyclic cycloalkanes do not have the same conformations that other types of molecules
have. Cycloalkanes differ in this regard from n-alkanes especially regarding ring strain,
where the if the angle between each molecule is not the ideal angle of 109.5° strain is
induced in the molecule. This deviation from the ideal angle creates strain between the
different atoms in the molecule. This minimum in ring strain hinges at cyclohexane, as
seen in Figure 6.3, which has the closest to the ideal angle in its conformation as any low
carbon number cyclo-alkane, yet the hinge point of the DCN measurements does not show
a correlation with the highest DCN peaking at cyclo-hexane for ring strain alone to govern
this phenomenon.
A broader approach was taken to find a reason for the monatomic behavior with the
cycloalkanes. Work from Atkinson [33] on the production rate of the hydroxyl (OH)
radical in cycloalkanes and n-alkanes was compiled from various works and condensed.
This reaction rate data was used to compute the activation energy of cycloalkanes. These
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experimentally determined reaction rates were then used to determine the activation energy
of the pertinent alkanes. The data available for the cycloalkanes was significantly less than
what was availed for the n-alkanes. The cycloalkanes had data on reaction rates range from
about 300 to 500 K and alkanes from about 300 to 1400 K, somewhat outside the realm of
the IQT combustion chamber temperature of 856.15°K. The work from Atkinson used a
modified equation and the experimental results were reprocessed into the Arrhenius
equation to better examine the activation energies of the different molecular structures.
The results of the activation energy for n-alkanes is what is expected and well know, this
shows the validity of our approach to determine the activation energy from the OH reaction
rates for the compiled work. The activation energy of the cycloalkane exhibited the same
hinge point at cycloheptane beginning to show the reason for this non-monatomic behavior
in the cycloalkanes DCN as seen in Figure 6.4.
This shows that molecular structure (i.e. alkane chain, branched vs cyclic
cycloalkanes) can have a significant impact on low temperature reactions. In looking at
other works about the conformation of the cycloalkanes and low temperature reactions, the
work by Yang et al.2010 [34] appear to describe this unique monatomic behavior found in
the cycloalkanes and cyclic cycloalkanes. Their work was looked into the process of [1,4]
and [1,5] H-shift, a key step in low temperature chain branching, and how the structure of
atoms has a large impact on the process. The work looked at cycloalkanes;
methylcyclopentane, cyclohexane, methylcyclohexane, decahydronaphathalene, 1,2,3,4tetrahydro-naphthalene, in a CFR octane rating engine.
The cyclic structures of the cycloalkanes limit the availability of hydrogen atoms
for the [1,4] and [1,5] H-shift thereby limiting the reactivity of the cycloalkanes compared
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to n-alkanes[35]. Since cycloalkanes do not have any hydrogen atoms located within the
ring, the hydrogen atoms outside of the ring are arranged into either an equatorial or axial
position.

This arrangement is also distorted by the differing conformation of the

cycloalkane molecule. There are many different conformations of the cycloalkanes, but
they are predominantly either in the chair or twisted boat conformations for the molecules
in this study. The availability of hydrogen atoms in the axial or equatorial regimes vary
greatly depending on the conformation of the molecule. Only the axial hydrogens are
available for a [1,5] H-shift. Limiting this pathway for peroxyl radicals causes them to
seek other ways, such as the [1,6] shift which is less likely for cycloalkanes, to continue
the reaction. The different cyclic structures result in unequal hydrogen accessibility for the
[1,x] H-shift, which consequently determines the low temperature reactivity[35]
Conformational analysis finds that the reactivity difference observed in low
temperature oxidation of cyclic hydrocarbons can be explained by their molecular steric
structure and resultant hydrogen accessibility to the key chain branching step. Low
temperature reactivity follows the same trend reliant on the number of hydrogens available
to (1,5) H-shift [34]. Methyl substitution promotes cyclohexane low temperature reactivity
by increasing the number of available hydrogens and by introducing low energy-barrier
paths to the (1,5) H-shift of alkylperoxy radicals [34] and this is confirmed with
experimental results seen in Table 1.

The work by Yang also found that quantum

calculations show that significantly lower activation energy is needed to abstract a primary
hydrogen from the methyl group (90 kJ/mol) than to abstract a secondary hydrogen from a
ring carbon (122 kJ/mol) during the (1,5) H-shift of the peroxy groups [34], which is
confirmed in with the data from Atkinson. All of this is work showing that with an increase
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in axial hydrogens availability there will be a corresponding increase in DCN. This can be
seen in Figure 6.1 for cycloalkanes. While cyclooctane does not follow the trend of
increasing carbon number corelates to increase DCN, it does follow the trend of with higher
availability of axial hydrogen there is an increase in DCN. Work from Dragojlovic on
conformation of cycloalkanes demonstrates that though cyclooctane has a higher carbon
number its most of its conformations has two hydrogen molecules in a central position,
either inside the ring or encircled by the ring in the chair conformation [36]. Combining
these two pieces of information explains the unique behavior of cycloalkanes found in this
and other works, the availability of axial hydrogen atoms in cycloalkanes correlates to
DCN and not the chemical functional group in purely cyclic cycloalkanes.
This investigation into the activation energy of cycloalkanes illustrations the same
behavior that was apparent in the DCN of the cyclo-alkanes, as seen in Figure 6.4,
cycloheptane is the most reactive in low temperature combustion due to the lower
activation energy needed combined with the availability of hydrogen atoms for peroxyl
radicals to bond with. This is a direct result of the impact that different conformations have
on the ignition propensity of the cyclic cycloalkanes. These differing conformations will
have an impact on DCN albeit a large impact of DCN, as with decalin, or a small impact.
There has been little other experimental data to confirm this for cyclic cycloalkanes, and
with the increase dominance of cycloalkanes in alternative fuels they need to better
understand this phenomenon.
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CHAPTER 7
CONCLUSION
The impact of the cyclo-alkane function group on the DCN in multicomponent
mixtures has been investigated in this research and it has been incorporated in to a QSPR
regression analysis. This experimental data was used to help better predict DCN of
differing fuel mixtures base on chemical functional groups. The main addition this present
work placed into the data base was this of the chemical functional group (CH 2)c. The
(CH2)c groups used represents branch cycloalkanes and excludes cyclic cycloalkanes.
Cyclic cycloalkanes have been shown to have unique ignition propensity behavior that was
unable to be picked up with the QSPR based upon functional groups alone. From this
study’s experimental results and confirmed with other published work, the cyclic
cycloalkanes’ conformation has the largest impact on their ignition propensity. Availability
of axial hydrogen due to differing conformation of the molecules in cyclic cycloalkane was
shown to correlate with DCN. The QSPR regression was trained base on functional group
and was unable to predict this unique behavior due to conformation and thus excluded from
the database. Other research has shown that this functional group, (CH 2)c, has minor
improvements on predicting DCN when including cycloalkanes in a surrogate mixture.
The findings in this work has shown that a mixture of less than 0.8 mole fraction
cycloalkane, the (CH2)c group, has a lower impact on the DCN compared to the influence
of the (CH2)n group. As the mole fraction of the cycloalkanes increases to more than 0.8,
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the impact of (CH2)n is reduced and (CH2)c increases, but the role of (CH2)n is still
significant in the reaction and in determining the DCN of the mixture. A more in-depth
understanding of the ring structure on low temperature hydrocarbon oxidation still needs
to be investigate. It has been experimentally determined and shown that cycloheptane has
a higher DCN than its cycloalkanes counterparts due to its activation energy, conformation,
and availability of axial hydrogen. As more high performance fuel is incorporated with
cycloalkanes, the (CH2)cyclo functional group will play a larger role in the process, but as
long as the fuel mixture is less than 80% cycloalkanes the (CH 2)c will have little impact.
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